Anadromous brown trout along the Norwegian Skagerrak coast are genetically dierentiated among streams, and there are indications of further substructuring within some streams. Among presumably long-standing populations there is a pattern of increased genetic dierentiation with distance, indicating an isolation-by-distance eect. For trout that inhabit streams that have recently been recolonized after the extinction of trout because of acidi®cation, we ®nd evidence for a mixed origin of the recolonizing trout. Both the high levels of gametic phase disequilibrium and the clear deviation from the general pattern of increased genetic dierentiation with distance that are seen in recolonized streams, are consistent with recent population admixture, and con®rm the loss of the original populations of these acid streams.
Introduction
The southern part of Norway has experienced massive extinction of freshwater and anadromous ®sh populations, in particular of the brown trout (Salmo trutta) and salmon (S. salar), following acidi®cation in the 1960s to the early 1980s (Jensen & Snekvik, 1972; Henriksen et al., 1989) . This acidi®cation was mainly due to airborne pollutants of anthropogenic origin, and its eect in southern Norway was severe, because most areas have a granite bedrock with poor buering capacity (Henriksen et al., 1989) . As a means to counteract acidi®cation and ®sh extinction, large-scale programmes were initiated by the government in 1983 to restore pH values to acceptable levels through the release of lime and marl directly into the watercourses. This liming has proven successful in many localities (Kaste & HaÊ vardstun, 1998) and several previously empty lakes and streams have regained apparently healthy stocks of brown trout during the last few years (Simonsen, 1999) . This restoration of brown trout populations has occurred naturally and without manassisted introductions. At present, we do not know the details of the recolonization events or from where the colonizing trout originated.
Earlier genetic studies of freshwater resident and anadromous brown trout (`sea trout') have found that this species is characterized by moderately large genetic dierences among local populations (e.g. Ryman, 1983; . Typically, nearby localities harbour distinct local populations and genetically distinct populations may even occur in sympatry within the same lake or stream (Allendorf et al., 1976; Ryman et al., 1979; Ferguson & Mason, 1981; Jorde & Ryman, 1996; Carlsson et al., 1999) . The explanation for this strong tendency to group into partially isolated populations is most likely found in a well-developed homing behaviour, as veri®ed by olfactory, mark±release±recapture, and telemetry studies (e.g. Stuart, 1957; SvaÈ rdson & FagerstroÈ m, 1982; Lund & Hansen, 1992; Stabel, 1992; Ovidio, 1999) . However, physical conditions are also likely to play an important roÃ le, as genetic dierentiation is most pronounced among freshwater resident populations with limited possibilities for dispersal and gene-¯ow (e.g. , whereas anadromous populations, with ample possibilities for gene-¯ow, are usually less dierentiated genetically (e.g. Paaver, 1989; MoraÂ n et al., 1995; Hansen & Mensberg, 1998) .
Although homing is well documented in brown trout, little is known about patterns of extinction and recolonization in this species. For freshwater resident brown trout, it has been observed that previously extinct streams have been recolonized by trout originating nearby (Beaudou et al., 1995; Hansen & Mensberg, 1996) . Hansen & Mensberg (1996) also found genetic evidence of substantial contributions from a single, closely situated, source population. Little is currently known about the recolonization process in anadromous brown trout, however. With a much larger potential for dispersal in anadromous trout, potential colonizers could conceivably originate from a much wider geographical region than is the case with freshwater forms, possibly including several donor populations. The pattern of extinction and recolonization, and the question of the origin of recolonizing ®sh, is important because eective management of this and other species requires knowledge about the population system (in which the local populations exist). Such systems existing in a balance between extinction and recolonization are called metapopulations (e.g. Levins, 1970) .
Metapopulation systems represent challenges to management because they are dynamic entities where extinction and recolonization are the norms rather than the exceptions. Such dynamics of change may drastically aect both levels of genetic variation within populations and genetic dierentiation among populations (Gilpin, 1991) . For this reason it is important to establish whether the species consists of such dynamic population systems or if it consists of local populations that are safely managed in isolation. Wade & McCauley (1988) distinguished between two models of recolonization for population systems, the propagule model and the migrant model. The ®rst of these models assumes that recolonization occurs from one single source population, whereas in the other model, migrants may be derived from several source populations.
The objective of the present study is to ®nd out if the extinctions caused by acid precipitation in southern Norway, and the subsequent recovery following de-acidi®cation, have had an impact on the genetic constitution of anadromous brown trout. Because we do not have access to samples prior to the acidi®cation, we elucidate recolonization processes by comparing genetic dierentiation patterns among long-standing and recently recolonized sea trout streams.
Materials and methods
Juvenile brown trout (Salmo trutta) were collected by electro®shing in eight streams along the south-east coast of Norway ( Fig. 1; Table 1) . No farming or stocking of hatchery-reared brown trout occurs in the area. Sampling of juveniles (the so-called 0-group) was performed in mid June, when they were about 4±6 cm long. About 80 individuals were sampled from each stream, taking care to ensure representative sampling from the whole stream in order to avoid overrepresentation of family groups (cf. Allendorf & Phelps, 1981) .
The eight streams are comparable in size, about 1±4 km long and 1±3 m wide. They have fairly stable environmental conditions and are permanent, with suf®cient discharge also during the dry season (Simonsen, 1999) . The breeding grounds extend about 300±1000 m, and juvenile trout were collected evenly along this range. Two of the eight streams, Fjelldalselva and Steindalsbekken, became acidic in the 1970s and 1980s and the trout inhabiting these streams probably went extinct during that time (Simonsen, 1999) . The present brown trout populations in these two streams, from which our samples are taken, have most likely been established from ®sh originating elsewhere and which have recently recolonized the two streams. For clarity, we append the character # to the name of these streams to distinguish them from the others. The six remaining streams (hereafter`permanent streams') have probably not experienced any extinction in recent time, and may have persisted for centuries or longer, perhaps since after the last glacial period (personal communication by Fish Management Ocer Dag Matzov; Department of Environmental Aairs, County Governor in Aust-Agder).
Tissue samples of white skeletal muscle, liver and eye were stored in an ultrafreezer at )80°C until genetic analyses. Horizontal starch gel electrophoresis was performed as described by Aebersold et al. (1987) , screening a selected set of 15 allozyme-coding loci that were previously known to be polymorphic in Scandinavian brown trout (Jorde, 1994): CK-2*, DIA*, bGLUA*, G3PDH-2*, GPI-1*, GPI-2*, GPI-3*, IDH-2*, LDH-1*, MAN*, MDH-2*, MDH-4*, MPI*, PEP-B*, and PEP-LT*. Nomenclature for loci, alleles, and genotypes follows Shaklee et al. (1990) .
Allele and genotype frequencies were estimated from samples by gene counting. Average heterozygosity (`gene diversity', h) within populations was estimated according to Nei & Chesser (1983) . Deviations from Hardy±Weinberg genotype proportions were tested with the chi-squared goodness-of-®t test and quanti®ed by Wright's F IS averaged over loci (Weir & Cockerham, 1984) . Non-random association of alleles between loci was quanti®ed by the linkage disequilibrium coecient, D, and the standardized measure D¢ D/D MAX , following Lewontin (1964) . We included all pairs of loci in which both loci displayed any polymorphism.
Heterogeneity of allele frequencies among streams was tested against the null hypothesis of equal allele frequencies with the contingency chi-squared test. The genetic structure was characterized by Wright's F ST , using Weir & Cockerham's (1984) estimator h. F ST was estimated both as an average over streams and also pair-wise among each pair of streams. We used the bootstrapping procedure, resampling loci, to calculate standard errors for the various F ST values. Separate average F ST values were calculated for all streams and for the permanent streams only, excluding the two recolonized Fjelldalselva# and Steindalsbekken#. We looked for a geographical pattern in the population genetic structure by regressing pair-wise F ST /(1 ) F ST ) values against the logarithm of geographical distance Table 1 List of localities (streams) and observed frequency of the common (*100) allele at each locus Locality 
Results
Genetic variation was found in 11 of the 15 loci: CK-2*, DIA*, bGLUA*, G3PDH-2*, IDH-2*, MAN*, MDH-2*, MDH-4*, MPI*, PEP-B*, and PEP-LT*. At each locus only two alleles were found, of which the frequencies of the common, or 100*, allele are given in Table 1 . All 11 loci except DIA*, MAN*, and MDH-4* were polymorphic in all eight streams. The average heterozygosity was similar, ranging from 0.184 to 0.248, and not signi®-cantly dierent among streams (t-test among all pairs of streams; P > 0.1, cf. Table 1) .
The samples of trout generally conformed to Hardy± Weinberg expectations with a few exceptions ( Table 2) . In three streams there was signi®cant excess of heterozygotes at one locus each (CK-2* in Fjelldalselva#, P < 0.05; MPI* in Pendalsbekken, P < 0.01; and bGLUA* in Sñvelibekken, P < 0.05). Signi®cant de®-ciencies of heterozygotes were detected at ®ve loci in three streams (PEP-LT* in Pendalsbekken, P < 0.01; DIA* and PEP-LT* in Allemannsbekken, P < 0.01 at both loci and G3PDH-2* and bGLUA* in Langangsvassdraget, P < 0.01 at both loci). Averaged over all polymorphic loci, these results yielded an average excess of heterozygotes (i.e. a negative F IS -value) in four streams, none of which was signi®cant, and a de®ciency of heterozygotes (positive F IS ) in four streams, signi®-cantly so in Allemannsbekken and Langangsvassdraget (Table 2) .
Deviations from linkage equilibrium (gametic phase equilibrium) were high in three of the eight streams ( Table 2 ). The two recolonized streams, Fjelldalselva# and Steindalsbekken#, both displayed large average D/D MAX values that were highly signi®cant (P < 0.001 for each: Table 2) . A slightly lower, but still signi®cant (P < 0.01) overall linkage disequilibrium value was also observed in the permanent stream Langangsvassdraget, which is one of the two streams where a signi®cant de®ciency of heterozygotes was also detected (above; Table 2 ).
There is considerable genetic dierentiation among the sea trout streams. For 9 of the 11 loci (all except PEP-LT*) allele frequency heterogeneity is highly signi®cant among streams (Table 1; Table 3) , with an average measure of genetic dierentiation, F ST 0.054 (ranging from < 0.001 for PEP-LT* to 0.115 for MAN*; Table 1 ). There is however, a notable dierence among pairs of streams in the degree of genetic dierentiation between them. The two recolonized streams, Fjelldalselva# and Steindalsbekken#, appear very similar genetically, with a pairwise F ST value of only 0.001 (Table 3) . Table 3) , and all are highly signi®cant. There is also a slight, but signi®cant, trend of increasing genetic dierentiation with distance among the permanent streams (b 0.032; R 2 0.30, P < 0.05: solid line in Fig. 2) . In contrast, the two recolonized streams do not ®t into this pattern and appear more or less equally similar to each of the permanent ones, with no increase in the quantity F ST /(1 ) F ST ) with geographical distance for them (b )0.002, P 0.8: dotted line in Fig. 2) .
Assignment tests showed that trout from the two recolonized streams were assigned more evenly to all the other streams than were trout from the permanent streams (Table 4) . Using the permanent populations as baseline populations and treating the recolonized ones as mixed populations in a mixed ®shery analysis, yielded very similar results (Table 5 ) and clearly indicated the multiple origins of the trout in the two recolonized streams.
Discussion
Selecting a set of loci known to be polymorphic in Scandinavian brown trout made our estimates of heterozygosity high and not directly comparable to other genetic studies, which also include monomorphic loci. Most of these loci are frequently used to screen for genetic variation in brown trout, except MAN*, PEP-B* and PEP-LT* (described by Jorde et al., 1991; Jorde, 1994) . In contrast to a number of other genetic studies on brown trout, our samples did not show any variation in GPI-1*, GPI-2* or GPI-3* and only very low variation at MDH-4* (cf. Crozier & Ferguson, 1986; Moran et al., 1995; Rieel et al., 1995) . The overall amount of genetic dierentiation (average F ST 0.054) was comparable to that found in other studies of anadromous brown trout [e.g. Paaver, 1989 (G ST 0.06) and Moran et al., 1995 (F ST 0.077 
Most streams conform to Hardy±Weinberg genotype proportions, indicating that they each harbour one more or less randomly mating population. The important exceptions were the overall de®ciencies of heterozygotes detected in Allemannsbekken and Langangsvassdraget, which most likely represent Wahlund eects resulting from population substructuring within these permanent streams. In one of these (Langangsvassdraget) there is also signi®cant linkage disequilibrium, a phenomenon that is expected in samples containing a mixture of populations (e.g. Campton, 1987) . Such population substructuring has been reported earlier for the brown trout inhabiting streams (Carlsson et al., 1999) and still waters (Allendorf et al., 1976; Ryman et al., 1979; Ferguson & Mason, 1981; Jorde & Ryman, 1996) , and appears to be a consequence of the strong natal homing in this species. The two recolonized streams, Fjelldalselva# and Steindalsbekken#, both displayed high linkage disequilibrium values. In contrast to the permanent stream where linkage disequilibrium was high (Langangsvassdraget; above), this result cannot readily be attributed to population substructuring, because there were no deviations from Hardy±Weinberg genotype proportions. A large amount of linkage disequilibrium could instead indicate a recent phase of population admixture, followed by random mating. Random mating eectively restores Hardy±Weinberg genotype proportions over a generation but linkage disequilibrium declines much more slowly, at most halving per generation with random mating (e.g. Hartl & Clark, 1997) . Hence, it is probable that the trout now occupying the two recolonized streams are descendants of a mixture of ®sh representing two or more genetically distinct donor populations. Because the two streams were treated with lime as late as 1992, at most two trout generations could have passed since recolonization when we sampled them in 1999. This time-span is probably too short to erode gametic phase disequilibrium in the proposed population mixture, but is sucient to restore Hardy±Wein-berg genotype proportions if mating occurs at random.
An alternative explanation for the high linkage disequilibrium values could be that the two presumed extinct and recolonized streams never went entirely extinct but instead experienced severe bottlenecks.
Random genetic drift during the bottleneck can generate linkage disequilibrium (e.g. Hartl & Clark, 1997) but it should also lead to rapid genetic divergence and loss of genetic variation, which were not observed (cf . Tables 1  and 3) .
The increased genetic dierentiation with geographical distance observed for the permanent streams (cf. Fig. 2 ) resembles the theoretical expectation when dispersal (`migration') primarily occurs over short distances, such as between neighbouring streams (Wright, 1943; Kimura & Weiss, 1964) . Capture±mark±recapture studies of sea trout from southern Norway and elsewhere have found that straying (i.e. migration to a nonnatal stream), although rare, does indeed primarily occur between neighbouring streams (e.g. SvaÈ rdson & FagerstroÈ m, 1982; Bror Jonsson, unpublished results from this area), thus providing a likely explanation for the observed genetic trend. Increasing genetic dierentiation with distance has been reported for sea trout by MoraÂ n et al. (1995) and Hansen & Mensberg (1998) , but not for freshwater resident forms (e.g. Ryman, 1983; Crozier & Ferguson, 1986; , perhaps because of physical barriers to dispersal in the freshwater environment.
In contrast to the situation for the permanent streams, trout from the two recolonized streams do not follow the pattern of increased genetic dierentiation with distance. Rather, while being very similar to each other genetically (F ST 0.001: Table 3), the two recolonized trout populations appear about equally similar or dissimilar to trout from other streams within the area, regardless of distance. Genetically, the most similar of the permanent streams (Songebekken) is also one of the most distant ones and we presume that this similarity with the recolonized ones is a coincidence. Hence, recolonization of the sea trout populations appears not to have been by trout from the nearest neighbouring stream, or from any other single stream, but more likely by trout of mixed origins. This explanation is consistent with the assignment-percentages, which are lower for (Cornuet et al., 1999) (Table 5 ) and the linkage disequilibrium data discussed above. The migrant pool model of recolonization (Wade & McCauley, 1988) therefore seems the most appropriate to describe a situation where several source populations contribute substantially to the colonization. Nevertheless, there is no clear evidence in the results which points towards this system of populations constituting a true metapopulation. The two streams that went extinct due to acidi®cation have no previous record of extinction for the last century (personal communication by Fish Management Ocer Dag Matzov; Department of Environmental Aairs, County Governor in AustAgder) and the genetic dierentiation among the other permanent populations indicates that this system is not extinction prone, in contrast with what is expected in a metapopulation. Spruell et al. (1999) studying bull trout populations and Fontaine et al. (1997) studying Atlantic salmon (S. salar) are among the few studies discussing whether Salmonids show metapopulation dynamics; neither study found evidence for such dynamics.
Recolonization of acid streams seems to re¯ect a dierent pattern of migration from that found among permanent streams, where straying mainly occurs among neighbours. Studies on marked sea trout demonstrate that some stray individuals do not return to their native stream nor go to neighbouring streams to spawn. Instead, these rare strayers are found in more or less remote streams where suitable environmental conditions can be found (Berg & Berg, 1987; Lund & Hansen, 1992) . A mixture of such individuals from several sources could explain our ®nding of trout from a mixed origin in the two recolonized streams.
Our results on sea trout show that local extinction and recolonization may create greater genetic uniformity among sea trout populations, since the genetic characteristics of the extinct populations are most probably lost. To avoid such loss, management plans should be devised that allow quick responses to threats, such as acidi®cation, that may cause drastic population decline and possibly extinction.
